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Abstract. We systematically investigate the possible molecular states composed of (1) two spin- 3
2
doubly
charmed baryons, and (2) a pair of spin- 3
2
and spin- 1
2
doubly charmed baryons. The one-boson-exchange
(OBE) model is used to describe the potential between two baryons. The channel mixing effect is considered
for the systems with the same quantum number (I(JP )) but different total spin (S) and orbital angular
momenta (L). We also study the channel mixing effect among the systems composed of various doubly
charmed baryons if they have the same quantum number. Many of the systems are good candidates of
molecular states.
PACS. XX.XX.XX No PACS code given
1 Introduction
The researches on exotic states attract much attention
since the first charmonium-like exotic state X(3872) was
reported by the Belle Collaboration [1] in 2003. After
that, more and more exotic states have been observed by
many major experimental collaborations, such as CLEO-
c, BaBar, Belle, BESIII, CDF, D0, LHCb and CMS. Those
states include charmonium-like states such as Zc(3900) [2,
3,4], Y (4260) [5,6], Y (4140) [7], and bottomonium-like
states, Zb(10610) and Zb(10650) [8] and so on. In 2015,
the LHCb Collaboration discovered two pentaquark states
Pc(4380) and Pc(4450) in the J/Ψ invariant mass spec-
trum of the Λ0b → J/ΨK−p decay [9]. Recently, the LHCb
Collaboration reported that Pc(4450) was resolved into
two states Pc(4440) and Pc(4457) and observed a lower
state Pc(4312) [10]. The experimental and theoretical progress
about exotic states can be found in the recent reviews [11,
12,13,14,15,16,17,18].
Some multiquark exotic states are near the thresh-
old of two hadrons. They might be molecular states. A
hadronic molecular state is a loosely bound system com-
posed of two color-singlet hadrons. The two hadrons are
bound together by the residual force of the color interac-
tion. One can use the One-boson-exchange (OBE) model
to describe the dynamics between the two baryons in a
molecular system. The OBE model is very successful to
describe the deuteron as a hadronic molecular state com-
a e-mail: bin yang@pku.edu.cn
b e-mail: lmeng@pku.edu.cn
c e-mail: zhusl@pku.edu.cn
posed of a neutron and a proton. The meson exchange
force together with the couple-channel effect between S-
wave and D-wave renders the deuteron a loosely bound
state.
About forty years ago, Voloshin and Okun proposed
the hadronic molecule composed of two heavy mesons [19].
De Rujula et al. interpreted the ψ(4040) as aD∗D¯∗ molecule
in Ref. [20]. To¨rnqvist used the one-pion-exchange (OPE)
potential to calculate the possible charmed meson-antimeson
molecular state [21,22]. Besides, there are also many other
calculations about possible hadronic molecular states, such
as the combination of two mesons [23,24,25,26,27,28,29],
or two baryons [30,31,32,33,34,35,36]. Similarly, one can
also explain the hidden charm pentaquark states as a
molecular state formed by one heavy meson and one heavy
baryon [37,38,39,40,41,42,43,44,45].
In 2017, the LHCb collaboration reported the doubly
charmed baryon Ξcc at 3621.40±0.72(stat)±0.27(syst)±
0.14(Λ+c ) MeV in the Λ
+
c K
−pi+pi+ mass spectrum [46].
As an important member in the baryon family, there are
many theoretical works to calculate the mass of the doubly
charmed baryon [47,48,49,50,51,52,53,54]. It is also very
interesting to investigate the possible molecular states con-
taining doubly charmed baryons. The system composed
of Ξcc and a charmed meson or baryon was calculated in
Refs. [55,56]. The possible molecular system with Ξcc and
a nucleon is studied in Refs. [57,35].
In Ref. [34], the authors investigated the possible deuteron-
like bound states composed of two spin-12 doubly charmed
baryons in the SU(3) flavor symmetry. In this work, we ex-
tend the same formalism to investigate the possible hadronic
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molecular states composed of two spin- 32 doubly charmed
baryons (include Ξcc and Ωcc), denoted as B
∗B∗, as well
as system one spin- 32 and one spin-
1
2 baryon, denoted as
B∗B. We use the OBE model to describe the potential
between two baryons. The couple-channel effect among
B∗B∗, B∗B and two spin- 12 baryons, BB, are also in-
cluded in this work. When we calculate the pure B∗B∗
and B∗B systems, we consider the couple-channel effect
from D-wave and G-wave.
We organize this work as follows. We give the theo-
retical formalism in Section 2, including the effective La-
grangian, coupling constants and the effective interaction
potentials. We present the numerical results of the B∗B∗
systems and the B∗B systems in Section 3. In the calcula-
tion, we also include the couple-channel effect among BB,
B∗B and B∗B∗. Then we discuss our results and conclude
in Section 4. In Appendixes A and B, we collect some use-
ful formulae and functions. We also calculate the systems
composed of one baryon and one antibaryon, such asB∗B¯∗
and B∗B¯. The results are collected in Appendix C.
2 Formalism
For a doubly charmed baryon, the two charm quarks can
be treated as a static color source in the heavy quark limit.
For the two charm quarks, their color wave function should
be in the antisymmetric 3¯c-representation. The spatial
wave function of the two charm quarks is symmetric for
the ground state. As a consequence, their spin wave func-
tion must be symmetric because of the Pauli principle.
Therefore, the total spin of the two charm quark is 1,
and the total spin of a ground doubly charmed baryon
is 12 or
3
2 . In the present work, we focus on the possible
deuteron-like systems composed of two doubly charmed
baryons with both spin- 32 , or one spin-
3
2 baryon and one
spin- 12 baryon. The systems with the same quantum num-
ber but different components may couple with each other.
We include the couple-channel effect in this work.
2.1 The Lagrangian
For convenience, we use column matrices to describe the
doubly charmed baryons as follows,
B =
î
Ξ+cc Ξ
++
cc Ω
+
cc
óT
, B∗µ =
î
Ξ∗+cc Ξ
∗++
cc Ω
∗+
cc
óµT
,
(1)
where B and B∗µ denote the spin- 12 and spin-
3
2 baryons,
respectively. The exchanged mesons between two baryons
are denoted by two matrices as follows,
M =

pi0√
2
+ η√
6
pi+ K+
pi− − pi0√
2
+ η√
6
K0
K− K¯0 − 2√
6
η
 ,
Vµ =

ρ0√
2
+ ω√
2
ρ+ K∗+
ρ− − ρ0√
2
+ ω√
2
K∗0
K∗− K¯∗0 φ

µ
, (2)
where M and Vµ denote the octet pseudoscalar mesons
and the nonet vector mesons, respectively.
We construct the effective Lagrangian as follows,
L = Lσhh + Lphh + Lvhh, (3)
for the scalar meson exchange
Lσhh = gσBBB¯σB − gσB∗B∗B¯∗µσB∗µ, (4)
for the pseudoscalar meson exchange
Lphh =− gpBB
2mB
B¯γµγ5∂
µMB + gpB∗B∗
2mB∗
B¯∗µγνγ5∂νMB∗µ
+
gpB∗B
mB +mB∗
B¯∗µ∂
µMB + h.c.,
(5)
and for the vector meson exchange
Lvhh =gvBBB¯γµVµB + fvBB
2mB
B¯σµν∂
µVνB
− gvB∗B∗B¯∗µγνVνB∗µ
− ifvB∗B∗
2mB∗
B¯∗µ(∂
µVν − ∂νVµ)B∗ν
+ i
fvB∗B
2
√
mB∗mB
B¯∗µ(∂
µVν − ∂νVµ)γνγ5B + h.c..
(6)
The notations gσB(∗)B(∗) , gpB(∗)B(∗) , gvB(∗)B(∗) and fvB(∗)B(∗) ,
represent the coupling constants. mB and mB∗ are the
masses of the spin- 12 and spin-
3
2 heavy baryons, respec-
tively.
2.2 Coupling constants
The coupling constants in the effective Lagrangian (4-
6) should be extracted from the experiment data. How-
ever there are no experiment data for the doubly charmed
baryon scattering with light mesons. Thus, we compare
the coupling constants of doubly charmed baryons with
the ones of the nucleons, which are known. With the help
of the quark model, we get the relations between the cou-
pling constants of doubly charmed baryons and nucleons.
The details of this method can be found in Ref. [60]. Here
we directly show the relations between the two sets of
coupling constants,
– scalar meson exchange
gσBB = gσB∗B∗ =
1
3
gσNN , (7)
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Table 1. The relevant hadron masses [46,54,58] and coupling constants for the nucleon [59,60,61,62]. For the multiple hadrons,
their averaged masses are used.
Baryons Mass( MeV) Mesons Mass( MeV) Mesons Mass( MeV) Couplings Value
Ξcc 3621.4 σ 600 ρ 775.49 g
2
σNN/4pi 5.69
Ωcc 3778 pi 137.25 ω 782.65 g
2
piNN/4pi 13.6
Ξ∗cc 3686 η 547.85 φ 1019.46 g
2
ρNN/4pi 0.84
Ω∗cc 3872 K 495.65 K
∗ 893.77 fρNN/gρNN 6.1
– pseudoscalar meson exchange
gpBB = −
√
2
5
mB
mN
gpiNN , (8)
gpB∗B∗ =
3
√
2
5
mΞ∗cc
mN
gpiNN , (9)
gpB∗B =
2
√
6
5
mB +mB∗
2mN
gpiNN , (10)
– vector meson exchange
gvBB =
√
2gρNN
gvBB + fvBB = −
√
2
5
(gρNN + fρNN )
mB
mN
,
(11)
gvB∗B∗ =
√
2gρNN
gvB∗B∗ + fvB∗B∗ =
3
√
2
5
(gρNN + fρNN )
mB∗
mN
,
(12)
gvB∗B = 0
fvB∗B = −2
√
6
5
√
mB∗mB
mN
(gρNN + fρNN ).
(13)
In the above formula, gσNN , gpiNN gρNN and fρNN are the
corresponding coupling constants of nucleons. The values
of them are taken from Refs. [59,60,61,62]. In this work,
we choose three nuclear coupling constants as input. The
coupling constant gpiNN is stable in various models com-
pared with gωNN and gηNN . Therefore, we use the unified
parameter of the nucleon-nucleon-pi vertex for the pseu-
doscalar meson exchange. For the vector meson exchange,
we choose the parameter of the ρ meson exchange vertex
for the same reason. Their values are given in Table 1.
We give the values of the coupling constants for doubly
charmed baryons in Table 2.
2.3 The effective potentials
We give the effective Lagrangian in Section 2.1. One can
write the effective potentials in the momentum space for
two doubly charmed baryons with the Lagrangians (4-6).
The effective potentials V (Q) is a function of the momen-
tum of the exchanged mesons. In the non-relativistic limit,
we reserve the scattering amplitude up to O( 1
m2
Q
), where
mQ is the mass of the doubly charmed baryon. Given that
the baryons are not fundamental point particles, we intro-
duce a form factor F(Q) at each baryon-baryon-meson
vertex,
F(Q) = Λ
2 −m2ex
Λ2 −Q2 =
Λ2 −m2ex
λ2 +Q2
, (14)
where λ2 = Λ2 − Q20. mex is the mass of the exchanged
mesons. The parameter Λ is an adjustable momentum cut-
off, which can suppress the contribution of the high mo-
mentum transferred. We use the factor to roughly describe
the effect of the baryon structure. As a low energy effec-
tive model, the OBE potential should not contain very
short-range interactions. Therefore, adopting the form fac-
tor keeps the model self-consistent. The parameter Λ can
not be strictly determined without any experiment data.
The value of Λ is around an empirical scale, 1 GeV. The
possible binding energy of a two baryon system depends
on the parameter, as we shall show in Section 3. Then we
transform the effective potential together with the form
factor to coordinate space,
V (r) =
1
(2pi)3
∫
dQeiQ·rV (Q)F2(Q). (15)
The total effective potential is as follows,
V (r) = V s(r) + V p(r) + V v(r). (16)
The superscripts s, p and v are used to mark the scalar,
pseudoscalar and vector mesons exchange potentials. The
potentials can be divided into four terms. They are the
central potential term, the spin-spin interaction term, the
spin-orbit interaction term and the tensor term. The spin-
spin, spin-orbit and tensor terms contain the spin-spin
operator ∆SS , spin-orbit operator ∆LS and tensor op-
erator ∆T , respectively. The specific definition of those
angular momentum dependent operators are different for
the systems composed of baryons with different spins. We
will discuss the operators in detail after we introduce the
couple-channel effect. Here we use subscripts C, SS, LS,
T to mark them respectively. We derive the general poten-
tials between two doubly charmed baryons in the specific
formulae for different mesons exchanged as follows.
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Table 2. The coupling constants for the doubly charmed baryons.
gσBB gpBB gvBB fvBB gσB∗B∗ gpB∗B∗ gvB∗B∗ fvB∗B∗ gpB∗B fvB∗B
ΞccΞcc 2.82 -14.26 4.60 -29.76 Ξ
∗
ccΞ
∗
cc 2.82 43.55 4.60 72.25 Ξ
∗
ccΞcc 49.84 -87.95
ΞccΩcc 2.82 -14.57 4.60 -30.30 Ξ
∗
ccΩ
∗
cc 2.82 44.65 4.60 74.16 Ξ
∗
ccΩcc 50.91 -89.83
ΩccΩcc 2.82 -14.88 4.60 -30.85 Ω
∗
ccΩ
∗
cc 2.82 45.75 4.60 76.12 ΞccΩ
∗
cc 51.11 -90.14
Ω∗ccΩcc 52.18 -92.07
– For the scalar meson exchange,
V s(r) =V sC(r, σ) + V
s
LS(r, σ),
V sC(r) =− Csσ
gσ1gσ2
4pi
uσ
ï
H0 − u
2
σ
8mamb
H1
ò
,
V sLS(r) =− Csσ
gσ1gσ2
4pi
u3σ
2mamb
H2∆LS .
(17)
– For the pseudoscalar meson exchange,
V p(r) =
∑
α=pi,η,K
[V pSS(r, α) + V
p
T (r, α)] ,
V pSS(r, α) = C
p
α
gp1gp2
4pi
u3α
12mamb
H1∆SS ,
V pT (r, α) = C
p
α
gp1gp2
4pi
u3α
12mamb
H3∆T .
(18)
if u2α < 0, the potentials change into
V pSS(r, α) = C
p
α
gp1gp2
4pi
θ3α
12mamb
M1∆SS ,
V pT (r, α) = C
p
α
gp1gp2
4pi
θ3α
12mamb
M3∆T ,
(19)
where θ2α = −u2α.
– For the vector meson exchange,
V v(r) =
∑
β=ω,ρ,φ,K∗
[V vC (r, β) + V
v
SS(r, β) + V
v
T (r, β) + V
v
LS(r, β)] ,
V vC (r, β) =C
v
β
uβ
4pi
ï
gv1gv2H0 +
u2β
8mamb
(gv1gv2 + 2gv1fv2 + 2gv2fv1)H1
ò
,
V vSS(r, β) =C
v
β
1
4pi
ï
gv1gv2 + gv1fv2 + gV 2fv1 + fv1fv2
ò
u3β
6mamb
H1∆SS ,
V vT (r, β) =− Cvβ
1
4pi
ï
gv1gv2 + gv1fv2 + gv2fv1 + fv1fv2
ò
u3β
12mamb
H3∆T ,
V vLS(r, β) =− Cvβ
1
4pi
ï
3gv1gv2∆LS + 4gv1fv2∆LSa + 4gv2fv1∆LSb
ò
u3β
2mamb
H2.
(20)
In the above expressions, uσ/α/β are defined as u
2
ex =
m2ex−Q20, where mex is the mass of the exchanged meson.
Q0 is the zeroth component of the transition momentum.
In the heavy baryon limit, Q0 can be easily expressed with
mass differences between the initial and final baryons. For
the system composed of two baryons with masses m1 and
m2, the value of the Q0 is 0 for the direct diagram. For
the cross diagram, the value of the Q0 is |m1 −m2|. ma
and mb are the masses of two doubly charmed baryons.
For the initial and the final baryons of one Fermion line
with the mass splitting, we approximately choose the geo-
metric means of their masses, ma =
√
maimaf . In Table 1
we give the masses of the baryons, as well as the masses
of the exchanged mesons. For the multiple hadrons, their
averaged masses are used.
gs, gp and gv are the coupling constants in Eqs. (7-13).
The subscript 1 and 2 of the coupling constants are used
to mark different vertices. Csσ, C
p
α and C
v
β are the isospin
factors. Their values are given in Table 3. For a system
composed of different baryons, we should consider both
direct and cross diagrams, as in Fig. 1. In Table 3 we use “[
]” to denote the isospin factors of the cross diagrams. The
functions Hi = Hi(Λ,mσ/α/β , r) and Mi = Mi(Λ,mα, r)
come from the Fourier transformation. We give their spe-
cific expressions in Appendix A.
For the system composed of one baryon and one an-
tibaryon, the Lagrangians (4-6) still work. For the process
exchanging a meson with certain G-parity, IG, the poten-
tials are the Eqs. (17-20) with the extra G-parity factor IG.
With the help of the G-parity rule, we can directly write
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down the effect potentials of the baryon and antibaryon
systems. We let the isospin factors of baryon-antibaryon
system absorb the extra G-parity factor. The values are
also given in Table 3.
For some systems, some terms in the Lagrangian are
lacking. Their potentials can be described with part of the
formulae (4-6). In those cases we can also directly use the
same potential but set the relevant coupling constant to
zero.
We consider the couple-channel effect between states
with different orbital angular momentum. The spin of a
system composed of two spin- 32 baryons can be 0, 1, 2 and
3. For a J = 0 system, we consider the couple-channel ef-
fect between 1S0 and
5D0. For a J = 1 system, we consider
four channels, 3S1,
3D1,
7D1 and
7G1. For a system with
total spin 2, there are also four channels, 5S2,
1D2,
5D2
and 5G2. And there are five channels for a J = 3 system,
7S3,
3D3,
7D3,
3G3 and
7G3. We list all possible chan-
nels in Table 4. Their wave functions can be expressed as
follows,
– For a J = 0 system,
Ψ(r, θ, φ)TχTssz =
TS(r)
0
 |1S0〉+
 0
TD(r)
 |5D0〉 . (21)
– For J = 1 system,
Ψ(r, θ, φ)TχTssz =

TS(r)
0
0
0
 |3S1〉+

0
TD1(r)
0
0
 |3D1〉+

0
0
TD2(r)
0
 |7D1〉+

0
0
0
TG(r)
 |7G1〉 . (22)
– For a J = 2 system,
Ψ(r, θ, φ)TχTssz =

TS(r)
0
0
0
 |5S2〉+

0
TD1(r)
0
0
 |1D2〉+

0
0
TD2(r)
0
 |5D2〉+

0
0
0
TG(r)
 |5G2〉 . (23)
– For a J = 3 system,
Ψ(r, θ, φ)TχTssz =

TS(r)
0
0
0
0

|7S3〉+

0
TD1(r)
0
0
0

|3D3〉+

0
0
TD2(r)
0
0

|7D3〉+

0
0
0
TG1(r)
0

|3G3〉+

0
0
0
0
TG2(r)

|7G3〉 . (24)
Fig. 1. Feynman diagrams for the systems composed of dif-
ferent baryons. “a” and “b” are direct and cross diagrams re-
spectively.
In the expression, Ψ(r, θ, φ) and χssz are the spatial
and spin wave functions, respectively.
The spin of a system composed of one spin- 32 baryon
and one spin- 12 baryon can be 1 and 2. For a J = 1 system,
we consider the channels mixing effect between 3S1,
3D1
and 5D1. For a system with total spin 2, there are four
channels should be considered, 5S2,
3D2,
5D2 and
5G2.
We also list them in Table 4. Their wave functions are the
same.
The angular momentum dependent operators, ∆SS ,
∆LS and ∆T have different forms for various combinations
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Table 3. The isospin factors for two baryon systems and baryon-antibaryon systems. The factors IG from G-parity rule have
been absorbed by the isospin factors in the right panel.
States Csσ C
p
pi C
p
η C
p
K C
v
ρ C
v
ω C
v
φ C
v
K∗ States C
s
σ C
p
pi C
p
η C
p
K C
v
ρ C
v
ω C
v
φ C
v
K∗
[Ξ∗ccΞ
∗
cc]
I=0 1 -3/2 1/6 0 -3/2 1/2 0 0 [Ξ∗ccΞ¯
∗
cc]
I=0 1 3/2 1/6 0 -3/2 -1/2 0 0
[Ξ∗ccΞ
∗
cc]
I=1 1 1/2 1/6 0 1/2 1/2 0 0 [Ξ∗ccΞ¯
∗
cc]
I=1 1 -1/2 1/6 0 1/2 -1/2 0 0
[Ξ∗ccΩ
∗
cc]
I= 1
2 1 0 -1/3 0[1] 0 0 0 0[1] [Ξ∗ccΩ¯
∗
cc]
I= 1
2 1 0 -1/3 0 0 0 0 0
[Ω∗ccΩ
∗
cc]
I=0 1 0 2/3 0 0 0 1 0 [Ω∗ccΩ¯
∗
cc]
I=0 1 0 2/3 0 0 0 -1 0
Table 4. The channels considered in this work for two baryons
systems.
B∗B∗ B∗B
S D1 D2 G1 G2 S D1 D2 G
J = 0 |1S0〉 |5D0〉
J = 1 |3S1〉 |3D1〉 |7D1〉 |7G1〉 |3S1〉 |3D1〉 |5D1〉
J = 2 |5S2〉 |1D2〉 |5D2〉 |5G2〉 |5S2〉 |3D2〉 |5D2〉 |5G2〉
J = 3 |7S3〉 |3D3〉 |7D3〉 |3G3〉 |7G3〉
of the baryon spins. We give their specific expressions in
Table 5. We give more details about the definition of the
operator matrices in Appendix B.
3 Numerical results
With the potential in Eq. (16), we solve the Schro¨dinger
equation numerically. For the system with a binding solu-
tion, we give the binding energy (B.E.). The wave func-
tion of a bound state solution can also be used to check
whether it is rational to treat the system as a molecular
state. Using the wave function, we give the root-mean-
square radius (Rrms),
R2rms =
∫ ∑
i
T ∗i (r)Ti(r)r
4dr, (25)
where Ti is the radial wave function of the ith channel.
Meanwhile, we can get the individual probability for each
channel,
PTi =
∫
T ∗i (r)Ti(r)r
2dr. (26)
In our calculation, the cutoff parameter Λ cannot be
determined exactly without relevant experiment data. We
treat it as a free parameter and choose different values in
a reasonable range for different systems. The experience
on the study of the deuteron with one-boson-exchange-
potential gives us some advice. It is very successful to
describe the deuteron with the cutoff between 0.8 GeV
and 1.5 GeV. Since the two doubly charmed baryon system
is much heavier than the deuteron, we also consider the
cutoff up to 2.5 GeV.
3.1 Two spin- 32 baryons system
For the Ξ∗ccΞ
∗
cc and Ω
∗
ccΩ
∗
cc systems, we should consider
the Pauli Principle. For example, the total isospin for the
Ω∗ccΩ
∗
cc system is symmetric, the total spin for the system
can only be 0 and 2. For the Ξ∗ccΩ
∗
cc systems, all combina-
tions of spin and isospin are possible. We show the binding
energies and the root-mean-square radii of possible molec-
ular states in Table 6. Because of the tensor operator, the
channels with the same total angular momentum but dif-
ferent spin and orbital angular momenta mix each other.
We also show the percentage of the different channels in
the Table.
For the J = 0 systems, we consider the 1S0 and
5D0
wave mixing effect. The contribution of the D-wave is ac-
tually quite small, less than 2%. For the [Ξ∗ccΞ
∗
cc]
I=1
J=0 sys-
tem, we find a loosely bound state with the binding en-
ergy 2.37-15.93 MeV, while the cutoff parameter is 2.0-2.4
GeV. We present the potentials of the system when the
cutoff parameter is 2.2 GeV in Fig. 2, where we use V11,
V22 and V12 to denote the potentials for the S-wave chan-
nel, the D-wave channel, and the off-diagonal term mixing
the S-wave and D-wave, respectively. The only attractive
potential between the baryons appears in the S-wave. For
the [Ξ∗ccΩ
∗
cc]
I= 12
J=0 and [Ω
∗
ccΩ
∗
cc]
I=0
J=0 systems, we get binding
solutions when we change the cutoff parameter from 1.8
GeV to 2.2 GeV. Both of them have small binding energies
and reasonable root-mean-square radii.
For the J = 1 systems, we calculate four channel mix-
ing effects among 3S1,
3D1,
7D1 and
7G1. Actually the
contribution ofG-wave almost vanishes. For the [Ξ∗ccΞ
∗
cc]
I=0
J=1
system, a bound state with the binding energy 25.28-39.72
MeV appears when the cutoff parameter is chosen between
0.82-0.84 GeV. Given that the binding energy is sensitive
to the cutoff parameter, and the root-mean-square radius
is less than 1 fm, the system may not be a perfect can-
didate of the molecular state. For the [Ξ∗ccΩ
∗
cc]
I= 12
J=1 sys-
tem, we obtain a bound state with binding energy 1.07-
20.89 MeV when the cutoff parameter is 1.8-2.2 GeV. The
contributions of D-wave channels increase with the cut-
off parameter. The contribution of the dominant S-wave
channel is 88.6% when the cutoff is 2.2 GeV.
For the Ξ∗ccΩ
∗
cc and Ω
∗
ccΩ
∗
cc systems with total spin
2, we obtain binding solutions with the cutoff parameter
from 2.4 GeV to 2.6 GeV. The binding solution of the for-
mer system is 1.50-11.00 MeV, and 2.71-13.03 MeV for the
latter one. There is no bound state for the [Ξ∗ccΞ
∗
cc]
I=1
J=2 sys-
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Table 5. The specific expressions of the operators ∆SS , ∆LS and ∆T for different channels. σ is the Pauli matrix. S =
3
2
σrs
is the spin operator of spin- 3
2
baryons. St is the transition spin operator for the Rarita-Schwinger field. L is the relative orbit
angular momentum operator between the two baryons. More details about the operator matrices are given in Appendix B.
Channels ∆SS ∆LS ∆T
B∗B∗ → B∗B∗ σrsA · σrsB 12L · σrs 3σrsA · rˆσrsB · rˆ − σrsA · σrsB
B∗B → B∗B σrsA · σB 12L · (σrsA + σB) 3σrsA · rˆσB · rˆ − σrsA · σB
BB∗ → B∗B S†tA · StB 12L ·
(
S†tA + StB
)
3S†tA · rˆStB · rˆ − S†tA · StB
B∗B → B∗B∗ σrsA · S†tB 12L ·
(
σrsA + S
†
tB
)
3σrsA · rˆS†tB · rˆ − σrsA · S†tB
B∗B → BB StA · σB 12L · (StA + σB) 3StA · rˆσB · rˆ − StA · σB
BB → BB σA · σB 12L · σ 3σA · rˆσB · rˆ − σA · σB
tem, even if we include the couple-channel effect and vary
the cutoff parameter from 0.8 GeV to 3 GeV. The relevant
interaction potentials with the cutoff parameter 1.0 GeV
is shown in Fig. 3. The S-wave and D-wave potentials of
the system, V11, V22 and V33, are hardly attractive.
For the J = 3 case, there are only two possible sys-
tems, [Ξ∗ccΞ
∗
cc]
I=0
J=3 and [Ξ
∗
ccΩ
∗
cc]
I= 12
J=3 . We consider the mix-
ing effect of five channels, 7S3,
3D3,
7D3,
3G3 and
7G3.
The binding energy of the [Ξ∗ccΞ
∗
cc]
I=0
J=3 system is 2.65-8.87
MeV, when we change the cut off from 1.2 GeV to 1.4 GeV.
The contribution of the channel 7D3 is important, the
percentage of which is over 10%. For the [Ξ∗ccΩ
∗
cc]
I= 12
J=3 sys-
tem, the binding energy changes from 8.39 MeV to 25.78
MeV while the cutoff parameter changes from 1.12 GeV to
1.16 GeV. In the wave functions, the S-wave is dominant,
whose contribution is over 99%. The root-mean-square ra-
dius of the bound state is 0.64-1.02 fm, which seems a little
small for a loosely bound state composed of two doubly
charmed baryons.
Among all possible systems composed of two spin- 32
baryons, the systems [Ξ∗ccΞ
∗
cc]
I=1
J=0,3, [Ξ
∗
ccΩ
∗
cc]
I= 12
J=0,1,2 and
[Ω∗ccΩ
∗
cc]
I=0
J=0,2 are good candidates of molecular states. For
the system [Ξ∗ccΞ
∗
cc]
I=0
J=1 and [Ξ
∗
ccΩ
∗
cc]
I= 12
J=3 , the existence of
the bound solutions is very sensitive to cutoff parame-
ter. Meanwhile, their root-mean-square radii are less than
1fm. We do not find a binding solution for the [Ξ∗ccΞ
∗
cc]
I=1
J=2
system.
3.2 One spin-32 baryon and one spin-
1
2 baryon system
We investigate the possible molecular systems composed
of one spin-32 baryon and one spin-
1
2 baryon. Their total
spin can be 1 and 2. For the J = 1 system, we consider the
couple-channel effect among 3S1,
3D1 and
5D1 channels.
For the J = 2 system, the couple-channel effect is among
5S2,
3D2,
5D2 and
5G2 channels. We show the binding en-
ergies, root-mean-square radii and contributions of differ-
ent channels of the Ξ∗ccΞcc and Ω
∗
ccΩcc systems in Table 7.
For the [Ξ∗ccΞcc]
I=0
J=1 system, we obtain a loosely bound
state with binding energy 4.73-12.57 MeV while the cut-
off parameter is 1.2-1.6 GeV. The D-wave contribution
is about 10% and decreases as the cutoff parameter in-
creases. For the [Ξ∗ccΞcc]
I=1
J=1 system, the contribution of
the S-wave is over 99%. When we choose the cutoff param-
eter at 1.05 GeV, the binding energy of the bound state is
8.34 MeV. For the [Ω∗ccΩcc]
I=0
J=1 system, we find a bound
state solution with binding energy 8.97 while the cutoff
parameter is 1.25 GeV. For the [Ω∗ccΞcc]
I=1/2
J=1 system, a
bound solution with a dominant S-wave appears when
the cutoff is 1.2 GeV-1.3 GeV. The result of [Ξ∗ccΩcc]
I=1/2
J=1
is very similar to that of [Ω∗ccΞcc]
I=1/2
J=1 . The two systems
are related by the U -spin and the V -spin symmetry.
For the systems with total spin 2, the contributions of
the G-wave channels are almost zero. For the [Ξ∗ccΞcc]
I=0
J=2
system, a loosely bound state with binding energy 2.33-
10.15 MeV appears when the cutoff parameter is 1.2-1.6
GeV. The contribution of 5D2 is about 8% when the cut-
off is 1.4 GeV. For the [Ξ∗ccΞcc]
I=1
J=2 system, we obtain a
binding solution with the binding energy 8.78 MeV while
the cutoff parameter is 1.05 GeV. In the system, the D-
waves contributions are less than 1%. For the [Ω∗ccΩcc]
I=0
J=2
system, we obtain a binding solution with the binding en-
ergy 9.19 MeV when we choose the cutoff parameter as
1.25 GeV. The D-waves contributions are also very small.
The results for [Ω∗ccΞcc]
I=1/2
J=2 and [Ξ
∗
ccΩcc]
I=1/2
J=2 are almost
the same. When we choose the cutoff from 1.0 GeV to 1.1
GeV, we find a bound state with binding energy 3.68-42.66
MeV for the former system, and a binding solution with
binding energy 1.53-32.4 MeV for the latter one.
Considering the reasonable binding energies and root-
mean-square-radii of the above solutions, the spin- 32 baryon
and spin- 12 baryon systems are all good candidates of molec-
ular states.
3.3 The two doubly charmed systems with
multi-channel mixing effect
We calculate the systems with channel mixing among BB,
B∗B and B∗B∗ in this subsection. B and B∗ are the
spin- 12 and spin-
3
2 doubly charmed baryons, respectively.
We present the possible systems with certain total spin
and isospin in Tables 8-10. In the previous subsection, the
couple-channel effect from the high angular momentum
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Table 6. The numerical results for the B∗B∗ systems. Λ is the cutoff parameter. “B.E.” is the binding energy. Rrms is the
root-mean-square radius. Pi is the percentage of the different channels.
States Λ(MeV) E(MeV) Rrms(fm) PS(%) PD1(%) PD2(%) PG1(%) PG2(%)
[Ξ∗ccΞ
∗
cc]
I=1
J=0 2000 2.37 2.15 99.5 0.5
2200 7.46 1.45 98.9 1.1
2400 15.93 1.17 97.9 2.1
[Ξ∗ccΩ
∗
cc]
I= 1
2
J=0 1800 1.11 2.75 99.8 0.2
2000 5.19 1.60 99.3 0.7
2200 12.93 1.22 98.5 1.5
[Ω∗ccΩ
∗
cc]
I=0
J=0 1800 1.12 2.66 99.9 0.1
2000 5.50 1.50 99.6 0.4
2200 14.20 1.14 98.9 1.1
[Ξ∗ccΞ
∗
cc]
I=0
J=1 800 25.28 0.99 94.4 5.2 0.4 0.0
820 31.66 0.91 94.3 5.4 0.3 0.0
840 39.72 0.84 94.2 5.5 0.3 0.0
[Ξ∗ccΩ
∗
cc]
I= 1
2
J=1 1800 1.07 2.90 97.9 2.1 0.0 0.0
2000 7.47 1.59 93.2 6.7 0.1 0.0
2200 20.89 1.25 88.6 11.1 0.3 0.0
[Ξ∗ccΞ
∗
cc]
I=1
J=2 ×
[Ξ∗ccΩ
∗
cc]
I= 1
2
J=2 2400 1.50 2.43 95.6 0.4 3.9 0.1
2500 5.04 1.62 91.9 0.7 7.2 0.2
2600 11.00 1.31 88.4 1.0 10.3 0.3
[Ω∗ccΩ
∗
cc]
I=0
J=2 2400 2.71 1.92 95.8 0.4 3.7 0.1
2500 6.70 1.45 93.0 0.7 6.2 0.1
2600 13.03 1.21 90.0 0.9 8.9 0.2
[Ξ∗ccΞ
∗
cc]
I=0
J=3 1200 2.65 2.86 89.7 0.3 9.9 0.0 0.1
1300 5.29 2.34 88.5 0.3 11.0 0.0 0.2
1400 8.87 2.01 88.1 0.2 11.4 0.0 0.3
[Ξ∗ccΩ
∗
cc]
I= 1
2
J=3 1120 8.39 1.02 99.7 0.0 0.3 0.0 0.0
1140 15.43 0.79 99.5 0.0 0.4 0.0 0.1
1160 25.78 0.64 99.2 0.0 0.7 0.0 0.1
states are small. The components of G-wave in the total
wave functions are usually negligible. Thus we only con-
sider the D-wave in our calculation.
Because the masses of various systems are different,
we define the binding energy relative to the BB thresh-
old. When we solve the coupled Schro¨dinger equations,
we put the mass difference in the kinetic term. The ef-
fective potentials as well as the spin and orbital angular
momentum dependent operators are consistent with what
we defined before. However, we ignore the spin-orbital cou-
pling effect in the off-diagonal elements of the interaction
potentials. Because the effect is dependent on the exter-
nal momentum, we can treat it as a high order correction
compared with spin-spin and tensor interactions. Thus,
it is reasonable to use only spin-spin and tensor interac-
tions to describe the channel mixing effect. The numer-
ical results including binding energies, root-mean-square
radii and percentages of different channels are shown in
Tables 11-13.
For the Ω
(∗)
cc Ω
(∗)
cc system with I(JP ) = 0(0+), we find
a binding solution when the cutoff is around 1.3 GeV.
The dominant component of this solution is ΩccΩcc|1S0〉.
The component of Ω∗ccΩ
∗
cc|1S0〉 increases with the cutoff
parameter. The D-wave contributions to the system are
insignificant. For the system with I(JP ) = 0(2+), we find
a solution with the main component ΩccΩ
∗
cc|5S2〉, which
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Fig. 2. The interactions potentials for the system [Ξ∗ccΞ
∗
cc]
I=1
J=0. V11, V12 and V22 denote the
1S0 ↔ 1S0, 1S0 ↔ 5D0 and
5D0 ↔ 5D0 transitions potentials.
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Fig. 3. The interactions potentials for the system [Ξ∗ccΞ
∗
cc]
I=1
J=2. V11, V22 and V33 denote the diagonal terms in the potential
matrix for the channels 5S2,
1D2 and
5D2 respectively.
agrees with the single channel results in subsection 3.2.
The mixing effect of the channel Ω∗ccΩ
∗
cc|5S2〉 is about 10%
and should not be ignored.
For the Ξ
(∗)
cc Ξ
(∗)
cc system with I(JP ) = 0(1+), we find a
binding solution with a small cutoff, 0.8 GeV. The chan-
nel mixing effect is very prominent among the ΞccΞcc,
Ξ∗ccΞ
∗
cc and ΞccΞ
∗
cc with S-wave. Their contributions to
the total wave function are about 50%, 35% and 15%,
respectively. The D-wave channels mixing effect in this
system is tiny. For the I(JP ) = 0(3+) system, the chan-
nel mixing effect is also important. We obtain a binding
solution with cutoff around 1.38 GeV. In the system, it is
interesting that theD-wave contribution of ΞccΞ
∗
cc reaches
up to 28%. For the I(JP ) = 1(0+) system, a binding so-
lution with the main channel ΞccΞcc|1S0〉 appears when
the cutoff is 1.06 GeV. For the I(JP ) = 1(2+) system,
we obtain a binding solution based on ΞccΞ
∗
cc|3S1〉. The
result is consistent with the calculation considering only
the couple-channel effect inside the ΞccΞ
∗
cc systems. The
Ξ∗ccΞ
∗
cc channels contribute 7%-10% to the wave function,
which makes the cutoff parameter a little larger when the
binding energy is the same.
The isospin of the Ξ
(∗)
cc Ω
(∗)
cc systems is
1
2 . For the sys-
tem with J = 0, we find a bound state with binding energy
1.21-28.64 MeV. The 97% component of the system is the
ΞccΩcc|3S0〉 state when the cutoff is 1.17 GeV. The main
part of the rest components is the S-wave of Ξ∗ccΩ
∗
cc. For
the I(JP ) = 12 (1
+) system, we obtain a binding solution
when the cutoff is around 1.2 GeV. The system has a
main part of the ΞccΩcc|1S0〉 channel, which mixes with
the channel Ξ∗ccΩ
∗
cc|1S0〉. For the system with J = 2, a
bound state solution appears when the cutoff is 1.1 GeV.
The system is dominated by the S-waves of Ξ∗ccΩcc and
ΞccΩ
∗
cc, and their contributions are 56.2% and 43.5%, re-
spectively. For the system with I(JP ) = 12 (3
+), we obtain
a binding solution when the cutoff is around 1.3 GeV. In
this system, the contribution of the Ξ∗ccΩ
∗
cc|7S3〉 channel is
over 93%, which is the only possible S-wave channel. The
main component of the other channels are the |5D3〉 states
of Ξ∗ccΩcc and ΞccΩ
∗
cc, each of which has the contribution
about 2.7%.
In Ref. [34], the authors studied the systems composed
of two spin- 12 doubly charmed baryons. We show the re-
sults in Table 14 and make some comparison. After consid-
ering the channel mixing effect among the BB, B∗B and
B∗B∗ systems, we get some different conclusions for the
0(0+), 1(0+) and 12 (0
+) systems. As an example, we show
the potentials of the 0(0+) systems in Fig. 4, where we give
the potentials of the main channels. In the single channel
calculation Ref. [34], the attraction of the ΩccΩcc system
is too weak to produce a bound state. But with the help
of the channel mixing effects, especially the Ω∗ccΩ
∗
cc|1S0〉
channel, we can obtain a binding solution. The channel
mixing effect plays the same role for the 1(0+) and 12 (0
+)
systems.
Most of the B(∗)B(∗) systems with the channel mixing
effect are dominated by one channel with the percentage
about 90%. However, the couple-channel effect from other
channels may produce a bound state, which does not exist
in the single channel case. Another interesting observation
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Table 7. The numerical results for the B∗B systems. Λ is the cutoff parameter. “B.E.” is the binding energy. Rrms is the
root-mean-square radius. Pi is the percentage of the different channels.
States Λ(MeV) E(MeV) Rrms(fm) PS(%) PD1(%) PD2(%) PF (%)
[Ξ∗ccΞcc]
I=0
J=1 1200 4.73 2.56 87.3 6.1 6.6
1400 8.29 2.15 88.0 5.4 6.6
1600 12.57 1.86 90.2 4.3 5.5
[Ξ∗ccΞcc]
I=1
J=1 1000 1.85 2.17 98.9 0.6 0.5
1050 8.34 1.11 99.5 0.3 0.2
1100 24.39 0.67 99.9 0.1 0.0
[Ω∗ccΩcc]
I=0
J=1 1200 3.01 1.64 99.5 0.3 0.2
1250 8.97 1.03 99.6 0.2 0.2
1300 22.34 0.69 99.98 0.1 0.1
[Ω∗ccΞcc]
I=1/2
J=1 1200 4.36 1.48 99.3 0.6 0.1
1250 9.68 1.06 99.5 0.4 0.1
1300 18.74 0.79 99.8 0.2 0.0
[Ξ∗ccΩcc]
I=1/2
J=1 1200 2.68 1.77 99.5 0.4 0.1
1250 6.81 1.19 99.6 0.3 0.1
1300 14.24 0.87 99.8 0.2 0.0
[Ξ∗ccΞcc]
I=0
J=2 1200 2.33 2.89 91.4 0.5 8.1 0.0
1400 5.66 2.19 91.2 0.5 8.3 0.0
1600 10.15 1.80 92.6 0.4 7.0 0.0
[Ξ∗ccΞcc]
I=1
J=2 1000 1.91 2.06 99.2 0.0 0.8 0.0
1050 8.78 1.05 99.6 0.0 0.4 0.0
1100 25.32 0.64 99.9 0.0 0.1 0.0
[Ω∗ccΩcc]
I=0
J=2 1200 2.97 1.62 99.6 0.0 0.4 0.0
1250 9.19 1.00 99.7 0.0 0.3 0.0
1300 23.06 0.67 99.9 0.0 0.1 0.0
[Ω∗ccΞcc]
I=1/2
J=2 1000 3.68 1.54 99.4 0.3 0.3 0.0
1050 16.00 0.86 99.5 0.2 0.3 0.0
1100 42.66 0.72 99.7 0.21 0.2 0.0
[Ξ∗ccΩcc]
I=1/2
J=2 1000 1.53 2.17 99.6 0.2 0.2 0.0
1050 10.47 0.99 99.6 0.2 0.2 0.0
1100 32.40 0.64 99.7 0.2 0.1 0.0
Table 8. Possible mixing channels for the Ω
(∗)
cc Ω
(∗)
cc system
with J = 0 and J = 2.
I(JP ) ΩccΩcc Ω
∗
ccΩ
∗
cc ΩccΩ
∗
cc
0(0+) |1S0〉 |1S0〉 |5D0〉 |5D0〉
0(2+) |1D2〉 |5S2〉 |1D2〉 |5D2〉 |5S2〉 |3D2〉 |5D2〉
is that the two or three main components of the systems
are comparable, which may cause a large shift of the bind-
ing energy. Actually the numerical results are quite com-
plicated with the couple-channel effect. The binding solu-
tions become even more sensitive to the cutoff parameter.
4 Discussions and conclusions
In this work, with the help of the one-boson-exchange
model, we systematically investigate the possible molecu-
lar systems composed of two spin- 32 doubly charmed baryons,
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Table 9. Possible mixing channels for the Ξ
(∗)
cc Ξ
(∗)
cc system with total angular momentum 0, 1, 2 and 3.
I(JP ) ΞccΞcc Ξ
∗
ccΞ
∗
cc ΞccΞ
∗
cc
0(1+) |3S1〉 |3D1〉 |3S1〉 |3D1〉 |7D1〉 |3S1〉 |3D1〉 |5D1〉
0(3+) |3D3〉 |7S3〉 |3D3〉 |7D3〉 |3D3〉 |5D3〉
1(0+) |1S0〉 |1S0〉 |5D0〉 |5D0〉
1(2+) |1D2〉 |5S2〉 |1D2〉 |5D2〉 |5S2〉 |3D2〉 |5D2〉
Table 10. Possible mixing channels for the Ξ
(∗)
cc Ω
(∗)
cc system with total angular momentum 0, 1, 2 and 3.
I(JP ) ΞccΩcc Ξ
∗
ccΩ
∗
cc Ξ
∗
ccΩcc ΞccΩ
∗
cc
1
2
(0+) |1S0〉 |1S0〉 |5D0 |5D0〉 |5D0〉
1
2
(1+) |3S1〉 |3D1〉 |3S1〉 |3D1〉 |7D1〉 |3S1〉 |3D1〉 |5D1〉 |3S1〉 |3D1〉 |5D1〉
1
2
(2+) |1D2〉 |5S2〉 |1D2〉 |5D2〉 |5S2〉 |3D2〉 |5D2〉 |5S2〉 |3D2〉 |5D2〉
1
2
(3+) |3D3〉 |7S3〉 |3D3〉 |7D3〉 |3D3〉 |5D3〉 |3D3〉 |5D3〉
Table 11. The numerical results for the Ω(∗)Ω(∗) systems. Λ is the cutoff parameter. “B.E.” is the binding energy. Rrms is the
root-mean-square radius.
I(JP ) Result ΩccΩcc Ω
∗
ccΩ
∗
cc ΩccΩ
∗
cc
0(0+) Λ( MeV) B.E.( MeV) Rrms(fm) |1S0〉 |1S0〉 |5D0〉 |5D0〉
1300 5.64 1.34 94.8 4.1 0.1 1.0
1350 21.69 0.84 87.1 10.8 0.1 2.0
1400 57.81 0.61 78.9 18.5 0.0 2.6
0(2+) Λ( MeV) B.E.( MeV) Rrms(fm) |1D2〉 |5S2〉 |1D2〉 |5D2〉 |5S2〉 |3D2〉 |5D2〉
1360 10.24 0.50 0.6 6.5 0.1 0.4 92.4 0.0 0.0
1370 28.92 0.47 0.5 7.7 0.1 0.4 91.2 0.0 0.0
1380 49.90 0.45 0.5 8.9 0.1 0.4 90.1 0.0 0.0
B∗B∗, as well as the systems composed of one spin- 32 and
one spin- 12 doubly charmed baryon, B
∗B. We also study
the couple-channel effect between various combinations of
baryons. We consider the S-waves and D-waves of the BB,
B∗B∗ and BB∗ systems together. The binding energies
are defined relative to the BB threshold, and the mass dif-
ferences of different channels are put in the kinetic terms
when calculating the coupled Schro¨dinger equations.
For the two spin- 32 doubly charmed baryons systems,
we consider the channels mixing among possible S-wave
D-wave and G-wave. After considering the binding ener-
gies and root-mean-square radii, as well as the reasonable
value of cutoff parameter, the following systems are good
candidate of molecular states, [Ξ∗ccΞ
∗
cc]
I=1
J=0,3, [Ξ
∗
ccΩ
∗
cc]
I= 12
J=0,1,2
and [Ω∗ccΩ
∗
cc]
I=0
J=0,2.
For the system composed of one spin- 32 baryon and one
spin- 12 baryon, their total spin can be 1 or 2. We consider
the channels mixing among 3S1,
3D1,
5D1 for the J = 1
system. For the system with J = 2, we consider the chan-
nels mixing between 5S2,
3D2,
5D2 and
5G2. The spin-
3
2
baryon and spin- 12 baryon systems are all candidates of
molecular states, such as [Ξ∗ccΞcc]
I=0,1
J=1,2, [Ω
∗
ccΩcc]
I=0
J=1,2 and
[Ξ∗ccΩcc(Ω
∗
ccΞcc)]
I= 12
J=1,2. The systems [Ξ
∗
ccΞcc]
I=0
J=1,2 are par-
ticularly interesting. Both of them have small binding en-
ergies around several MeVs, and large root-mean-square
radii, 2-3 fm, when the cutoff is from 1.2 GeV to 1.6 GeV.
We also consider the channel mixing between the S-
wave and D-wave BB, B∗B∗ and BB∗ states. Most of the
B(∗)B(∗) systems are dominated by one single channel,
which has about 90% contribution. However, the chan-
nel mixing effect from the other channels may produce a
bound state, which does not exist in the single channel
case, such as the systems with J = 0. Moreover, the two
or three main components of the systems are sometimes
comparable, which may cause a large shift of the binding
energy, such as the system with I(JP ) = 0(1+).
As a byproduct, we consider the systems composed of
one baryon and one antibaryon, B∗B¯∗ and B∗B¯. The re-
sults are collected in Appendix C. The baryon-antibaryon
systems may not be stable, because of the three meson de-
cay modes through quark rearrangement when the thresh-
old is open. Although molecular states composed of two
doubly charmed baryons seem too hard to be produced in
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Table 12. The numerical results for the Ξ(∗)Ξ(∗) systems. Λ is the cutoff parameter. “B.E.” is the binding energy. Rrms is the
root-mean-square radius.
I(JP ) Result ΞccΞcc Ξ
∗
ccΞ
∗
cc ΞccΞ
∗
cc
0(1+) Λ( MeV) B.E.( MeV) Rrms(fm) |3S1〉 |3D1〉 |3S1〉 |3D1〉 |7D1〉 |3S1〉 |3D1〉 |5D1〉
800 36.47 1.01 52.9 0.0 31.9 0.0 0.2 14.4 0.1 0.5
810 42.61 0.96 50.8 0.0 33.9 0.0 0.2 14.5 0.1 0.5
820 49.34 0.92 49.0 0.0 35.9 0.0 0.1 14.5 0.0 0.5
0(3+) Λ( MeV) B.E.( MeV) Rrms(fm) |3D3〉 |7S3〉 |3D3〉 |7D3〉 |3D3〉 |5D3〉
1370 5.50 1.35 0.4 58.4 0.8 0.9 11.3 28.2
1380 11.01 1.32 0.4 58.2 0.9 0.9 11.3 28.4
1400 22.69 1.23 0.5 57.4 1.2 1.1 11.2 28.6
1(0+) Λ( MeV) B.E.( MeV) Rrms(fm) |1S0〉 |1S0〉 |5D0〉 |5D0〉
1060 0.87 2.91 95.9 3.0 0.1 1.0
1100 8.83 1.21 86.4 10.8 0.1 2.7
1150 35.62 0.78 76.5 19.7 0.1 3.7
1(2+) Λ( MeV) B.E.( MeV) Rrms(fm) |1D2〉 |5S2〉 |1D2〉 |5D2〉 |5S2〉 |3D2〉 |5D2〉
1120 13.26 0.58 0.7 6.7 0.2 0.4 92.0 0.0 0.0
1130 29.16 0.54 0.6 8.0 0.2 0.4 90.8 0.0 0.0
1140 47.10 0.51 0.5 9.4 0.2 0.4 89.5 0.0 0.0
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Fig. 4. The interactions potentials for the system withI(JP ) = 0(0+). V11, V22 and V44 denote the diagonal terms in the
potential matrix for the channels ΩccΩcc|1S0〉, Ω∗ccΩ∗cc|1S0〉 and Ω∗ccΩcc|5D0〉 respectively.
the experiment, some possible structure composed of one
baryon and one antibaryon may be discovered at LHCb in
the future if they are not very broad.
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Table 13. The numerical results for the Ξ(∗)Ω(∗) systems. Λ is the cutoff parameter. “B.E.” is the binding energy. Rrms is the
root-mean-square radius.
I(JP ) Result ΞccΩcc Ξ
∗
ccΩ
∗
cc Ξ
∗
ccΩcc ΞccΩ
∗
cc
1
2
(0+) Λ(MeV) B.E.(MeV) Rrms(fm) |1S0〉 |1S0〉 |5D0〉 |5D0〉 |5D0〉
1170 1.21 2.50 97.0 2.3 0.0 0.3 0.3
1200 5.98 1.35 92.0 6.5 0.0 0.8 0.7
1250 28.64 0.81 81.7 15.7 0.0 1.3 1.3
1
2
(1+) Λ(MeV) B.E.(MeV) Rrms(fm) |3S1〉 |3D1〉 |3S1〉 |3D1〉 |7D1〉 |3S1〉 |3D1〉 |5D1〉 |3S1〉 |3D1〉 |5D1〉
1200 5.97 1.38 93.4 0.0 5.1 0.0 0.1 0.3 0.1 0.4 0.2 0.1 0.4
1220 12.05 1.10 90.2 0.0 7.8 0.0 0.0 0.4 0.2 0.5 0.2 0.2 0.5
1240 21.11 0.94 87.0 0.0 10.7 0.0 0.0 0.4 0.3 0.6 0.3 0.2 0.5
1
2
(2+) Λ(MeV) B.E.(MeV) Rrms(fm) |1D2〉 |5S2〉 |1D2〉 |5D2〉 |5S2〉 |3D2〉 |5D2〉 |5S2〉 |3D2〉 |5D2〉
1080 2.24 0.67 0.0 0.0 0.0 0.0 59.0 0.2 0.0 40.7 0.1 0.0
1100 29.0 0.59 0.0 0.0 0.0 0.0 56.2 0.2 0.0 43.5 0.1 0.0
1120 61.28 0.54 0.0 0.0 0.0 0.0 54.3 0.1 0.0 45.5 0.1 0.0
1
2
(3+) Λ(MeV) B.E.(MeV) Rrms(fm) |3D3〉 |7S3〉 |3D3〉 |7D3〉 |3D3〉 |5D3〉 |3D3〉 |5D3〉
1290 7.28 0.55 0.0 93.76 0.0 0.0 0.4 2.8 0.4 2.8
1300 23.69 0.53 0.0 93.97 0.0 0.0 0.4 2.7 0.4 2.7
1310 41.13 0.51 0.1 93.8 0.0 0.0 0.4 2.6 0.4 2.7
Table 14. The comparison of the BB systems with and without channel mixing effect for the systems B∗B∗ and B∗B.
This work [34]
I(JP ) Λ(MeV) B.E.(MeV) Rrms(fm) Λ(MeV) B.E.(MeV) Rrms(fm)
1
2
(1+) 1200 5.97 1.38 1200 0.56 3.45
0(1+) 800 36.47 1.01 1100 0.68 3.32
0(0+) 1300 5.64 1.34 ×
1(0+) 1060 0.87 2.91 ×
1
2
(0+) 1170 1.21 2.50 ×
A Fourier transformation formulae
The specific expressions of the scalar functionsHi = Hi(Λ,mσ/α/β , r)
and Mi = Mi(Λ,mα, r) are as follows,
H0(Λ,m, r) = Y (ur)− λuY (λr)− rβ
2
2u Y (λr),
H1(Λ,m, r) = Y (ur)− λuY (λr)− rλ
2β2
2u3 Y (λr),
H2(Λ,m, r) = Z1(ur)− λ3u3Z1(λr)− λβ
2
2u3 Y (λr),
H3(Λ,m, r) = Z(ur)− λ3u3Z(λr)− λβ
2
2u3 Z2(λr),
M0(Λ,m, r) = − 1θr
[
cos(θr)− e−λr]+ β22θλe−λr,
M1(Λ,m, r) = − 1θr
[
cos(θr)− e−λr]− λβ22θ3 e−λr,
M3(Λ,m, r) = −
î
cos(θr)− 3 sin(θr)θr − 3 cos(θr)θ2r2
ó
1
θr
−λ3θ3 Z(λr)− λβ
2
2θ3 Z2(λr), (27)
where
β2 = Λ2 −m2, u2 = m2 −Q20,
θ2 = −(m2 −Q20), λ2 = Λ2 −Q20,
and
Y (x) =
e−x
x
, Z(x) = (1 +
3
x
+
3
x2
)Y (x),
Z1(x) = (
1
x
+
1
x2
)Y (x), Z2(x) = (1 + x)Y (x).
Q0 in the expression is the zeroth component of the four
momentum of exchanged meson.
The above scalar functions come from Fourier transfor-
mation. We give some useful Fourier transformation for-
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mulae.
1
u2 +Q2
F2(Q) → u4piH0(Λ,m, r),
Q2
u2 +Q2
F2(Q) → −u34piH1(Λ,m, r),
Q
u2 +Q2
F2(Q) → iu34pi rH2(Λ,m, r),
QiQj
u2 +Q2
F2(Q)→ − u312pi [H3(Λ,m, r)Kij
+H1(Λ,m, r)δij ]. (28)
If u2ex = m
2
ex − Q20 < 0, the last formula above changes
into
QiQj
u2 +Q2
F2(Q)→ − θ
3
12pi
[M3(Λ,m, r)Kij
+M1(Λ,m, r)δij ].
(29)
B Operators
We extract some specific structures in the effective poten-
tials and express them as some angular momentum de-
pendent operators, ∆SS , ∆LS and ∆T . For the system
with spin- 12 initial and final states, their structures are as
follows,
∆SASB = σ · σ, ∆LS = L · S,
∆T =
3σ·rσ·r
r2 − σ · σ, (30)
where L and S are the orbital angular momentum and
total spin of two baryons. σ is the Pauli matrix.
For a spin- 32 baryon, we introduce the Rarita-Schwinger
field Ψµ. The field is defined through
Ψµ(λ) =
∑
mλ
∑
ms
〈1mλ, 1
2
ms|3
2
〉 µ(mλ)χ(ms) = Sµt Φ(λ),
(31)
where χ(ms) is a two-component spinor with the third
component of spin ms. 
µ(mλ) is the polarization vector
of a J = 1 field with the third component of spin mλ,
µ(+) = − 1√
2
[0, 1, i, 0]
T
, µ(0) = [0, 0, 0, 1]
T
,
µ(−) = 1√
2
[0, 1,−i, 0]T .
(32)
Φ(λ) is the eigenfunction of the spin operator of a spin- 32
baryons.
Φ
Å
3
2
ã
= [1, 0, 0, 0]
T
, Φ
Å
1
2
ã
= [0, 1, 0, 0]
T
,
Φ
Å
−1
2
ã
= [0, 0, 1, 0]
T
, Φ
Å
−3
2
ã
= [0, 0, 0, 1]
T
.
(33)
With the above specific form, we can obtain the transition
operator Sµt .
S0t =0, S
x
t =
1√
2
−1 0 1√3 0
0 − 1√
3
0 1
 ,
Syt =−
i√
2
1 0 1√3 0
0 1√
3
0 1
 , Sxt =
 0 » 23 0 0
0 0
»
2
3 0
 .
(34)
The spin operator for the spin- 32 particles can be derived
as S = 32σrs, while σrs ≡ −S†tµσSµt .
C Numerical results of the baryon-antibaryon
system
We calculate the possible molecular states formed by one
baryon and one antibaryon. Although the baryon-antibaryon
systems may be not stable, we give the possible molecular
solutions for reference.
C.1 The B∗B¯∗ system
We calculate the systems composed of one spin- 32 baryon
and one spin- 32 antibaryon. For the Ξ
∗
ccΩ¯
∗
cc and Ξ¯
∗
ccΩ
∗
cc
systems, they are antiparticles of each other and we only
calculate the former system. We show the binding ener-
gies and the root-mean-square radii of possible molecular
states in Tables 15 and 16. The mixing channels are the
same as those for the two spin- 32 baryons systems. There-
fore, the angular momentum dependent operators are also
the same.
For the
[
Ξ∗ccΞ¯
∗
cc
]I=0
J=0
system, we find a binding solution
with binding energy 1.96-8.78 MeV when we choose the
cutoff parameter between 0.94 GeV and 0.98 GeV. The D-
wave contribution is significant and increases with the cut-
off parameter. When we choose the cutoff around 1.0 GeV,
the percentage of the 5D0 channel is over 30%. We give
the interaction potentials of the system in Fig. 5. If only
the S-wave is considered, the barely attractive potential
could not produce a bound state. But the couple-channel
effect from an adequately attractive D-wave makes it pos-
sible. For the
[
Ξ∗ccΞ¯
∗
cc
]I=1
J=0
system, the binding energy is
2.68-14.88 MeV while the cutoff is 1.0-1.2 GeV. For the[
Ξ∗ccΩ¯
∗
cc
]I= 12
J=0
system, we obtain a bound state. The bind-
ing energy of the system is 12.54 MeV when the cutoff
parameter is 1.5 GeV. Although the root-mean-square ra-
dius of the system is 0.76fm when we choose a large cut-
off parameter, the system still seems to be a molecular
states with the cutoff parameter less than 1.5 GeV. For the[
Ω∗ccΩ¯
∗
cc
]I=0
J=0
system, a binding solution with the binding
energy 1.48-27.87 MeV appears with the cutoff parameter
from 1.25 GeV to 1.35 GeV.
For the
[
Ξ∗ccΞ¯
∗
cc
]I=0
J=1
system, we obtain a bound state
with the binding energy 1.63-27.92 MeV while the cut-
off parameter is 0.9-1.0 GeV. The G-wave contribution of
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Table 15. The numerical results for the B∗B¯∗ systems with J = 0, 1. Λ is the cutoff parameter. “B.E.” is the binding energy.
Rrms is the root-mean-square radius. Pi is the percentage of the different channels.
States Λ(MeV) B.E.(MeV) Rrms(fm) PS(%) PD1(%) PD2(%) PG(%)[
Ξ∗ccΞ¯
∗
cc
]I=0
J=0
940 1.96 2.96 81.9 18.1
960 4.45 2.28 75.7 24.3
980 8.78 1.85 70.5 29.5[
Ξ∗ccΞ¯
∗
cc
]I=1
J=0
1000 2.68 1.82 99.3 0.7
1100 7.63 1.22 99.2 0.8
1200 14.88 0.95 99.1 0.9[
Ξ∗ccΩ¯
∗
cc
]I= 1
2
J=0
1400 6.40 1.19 99.7 0.3
1500 12.54 0.92 99.6 0.4
1600 20.92 0.76 99.5 0.5[
Ω∗ccΩ¯
∗
cc
]I=0
J=0
1250 1.48 2.32 98.5 1.5
1300 8.62 1.21 96.1 3.9
1350 27.87 0.81 93.9 6.1[
Ξ∗ccΞ¯
∗
cc
]I=0
J=1
900 1.63 3.26 85.9 8.4 5.7 0.0
950 9.52 2.01 74.6 14.3 11.0 0.1
1000 27.92 1.52 67.7 16.6 15.6 0.1[
Ξ∗ccΞ¯
∗
cc
]I=1
J=1
1000 1.07 2.71 99.0 0.8 0.2 0.0
1200 9.98 1.17 98.2 1.6 0.2 0.0
1400 27.05 0.82 97.6 2.1 0.3 0.0[
Ξ∗ccΩ¯
∗
cc
]I= 1
2
J=1
1400 4.18 1.44 99.7 0.2 0.1 0.0
1500 8.69 1.09 99.5 0.4 0.1 0.0
1600 14.97 0.89 99.3 0.6 0.1 0.0[
Ω∗ccΩ¯
∗
cc
]I=0
J=1
1250 1.67 2.26 98.5 1.0 0.5 0.0
1300 7.01 1.37 96.5 2.3 1.2 0.0
1350 18.68 1.02 94.4 3.4 2.2 0.0
the system is almost zero. However, the total contribution
of the 3D1 and
7D1 channel is about 30%. For the other
three systems with total spin 1,
[
Ξ∗ccΞ¯
∗
cc
]I=1
J=1
,
[
Ξ∗ccΩ¯
∗
cc
]I= 12
J=1
and
[
Ω∗ccΩ¯
∗
cc
]I=0
J=1
, we all find binding solutions with rea-
sonable binding energies and root-mean-square radii. The
dominant parts of their wave functions are all S-wave.
For the systems
[
Ξ∗ccΞ¯
∗
cc
]I=0
J=2
, a bound state appears
with binding energy about 1.15 MeV, when the cutoff pa-
rameter is around 0.95 GeV. The D-waves are important
for the system. The contribution of the 5D2 channel is
almost 10% when the cutoff parameter is 0.95 GeV. For
the
[
Ξ∗ccΞ¯
∗
cc
]I=1
J=2
,
[
Ξ∗ccΩ¯
∗
cc
]I= 12
J=2
and
[
Ω∗ccΩ¯
∗
cc
]I=0
J=2
systems,
each of them has a loosely bound state solution, and dom-
inant S-wave part in the total wave function. We show
the binding energies, root-mean-square radii as well as the
contributions of all the channels in the Table 16.
For the
[
Ξ∗ccΞ¯
∗
cc
]I=0
J=3
system, we obtain a bound state
with binding energy 7.26-36.68 MeV when the cutoff varies
from 0.8 GeV to 1.0 GeV. For the
[
Ξ∗ccΞ¯
∗
cc
]I=1
J=3
system,
the loosely bound state solution appears until we change
the cutoff parameter over 2.0 GeV. We change the cut-
off parameter from 2.2 GeV to 2.6 GeV, and the bind-
ing energy increases from 2.16 MeV to 5.78 MeV. For the[
Ξ∗ccΩ¯
∗
cc
]I= 12
J=3
system, we find a binding solution with bind-
ing energy 1.69-5.53 MeV when the cutoff parameter is
1.8-2.2 GeV. The binding energies of the above two sys-
tems are stable for the cutoff parameter in the range over
2.0 GeV. For the
[
Ω∗ccΩ¯
∗
cc
]I=0
J=3
system, a bound state with
binding energy 1.15-14.06 MeV appears when the cutoff
parameter changes from 1.2 GeV to 1.4 GeV.
For the possible systems composed of one spin- 32 baryon
and one spin- 32 antibaryon, they are all good candidates
of molecular states. A baryon-antibaryon system may be
unstable especially when the threshold of three mesons is
open. Some of these molecular systems may appear as an
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Table 16. The numerical results for the B∗B¯∗ systems with J = 2, 3. Λ is the cutoff parameter. “B.E.” is the binding energy.
Rrms is the root-mean-square radius. Pi is the percentage of the different channels.
States Λ(MeV) B.E.(MeV) Rrms(fm) PS(%) PD1(%) PD2(%) PG1(%) PG2(%)[
Ξ∗ccΞ¯
∗
cc
]I=0
J=2
900 1.15 3.39 92.4 1.9 5.7 0.0
950 6.50 2.00 87.4 3.0 9.5 0.1
1000 18.13 1.51 83.9 3.8 12.1 0.2[
Ξ∗ccΞ¯
∗
cc
]I=1
J=2
1400 3.80 1.69 98.3 0.2 1.5 0.0
1600 10.21 1.18 97.8 0.2 2.0 0.0
1800 19.13 0.94 97.2 0.3 2.5 0.0[
Ξ∗ccΩ¯
∗
cc
]I= 1
2
J=2
1600 4.31 1.46 99.6 0.1 0.3 0.0
1800 9.93 1.07 99.3 0.1 0.6 0.0
2000 17.62 0.87 98.9 0.1 1.0 0.0[
Ω∗ccΩ¯
∗
cc
]I=0
J=2
1300 4.64 1.55 97.9 0.4 1.7 0.0
1400 18.22 1.04 94.8 1.2 4.0 0.0
1500 45.21 0.84 90.9 2.3 6.7 0.1[
Ξ∗ccΞ¯
∗
cc
]I=0
J=3
800 7.26 1.59 96.7 0.7 2.5 0.0 0.1
900 17.90 1.29 94.7 1.2 3.9 0.0 0.2
1000 36.68 1.19 89.2 2.4 8.0 0.1 0.3[
Ξ∗ccΞ¯
∗
cc
]I=1
J=3
2200 2.16 2.27 96.9 0.2 2.9 0.0 0.0
2400 3.76 1.86 96.1 0.3 3.6 0.0 0.0
2600 5.78 1.59 95.3 0.3 4.4 0.0 0.0[
Ξ∗ccΩ¯
∗
cc
]I= 1
2
J=3
1800 1.69 2.21 99.4 0.1 0.5 0.0 0.0
2000 3.32 1.71 99.0 0.1 0.9 0.0 0.0
2200 5.33 1.45 98.5 0.1 1.4 0.0 0.0[
Ω∗ccΩ¯
∗
cc
]I=0
J=3
1200 1.15 2.56 99.3 0.1 0.6 0.0 0.0
1300 5.06 1.53 97.6 0.4 2.0 0.0 0.0
1400 14.06 1.17 94.5 0.9 4.6 0.0 0.0
enhancement in the baryon and antibaryon invariant mass
spectrum, or a narrow resonance state etc.
C.2 The B∗B¯ system
We also consider the systems composed of one spin- 32
baryon and one spin- 12 antibaryon,B
∗B¯. The mixing chan-
nels are the same as that for the two baryon systems with
the same total angular momentum. The numerical results
are shown in Table 17.
For the
[
Ξ∗ccΞ¯cc
]I=0
J=1
system, we find a bound state
with binding energy 1.67-18.21 MeV when the cutoff pa-
rameter is 0.9-1.1 GeV. For the
[
Ξ∗ccΞ¯cc
]I=1
J=1
system, a
very loosely bound state solution with binding energy 2.96
MeV appears with the cutoff parameter is 2.5 GeV. The
bound state is quite insensitive to the cutoff parameter.
TheD-wave contribution is very small. For the
[
Ξ∗ccΩ¯cc
]I= 12
J=1
system, we find a binding solution insensitive to the cutoff
parameter. The binding energy increases from 1.82 MeV
to 8.06 MeV along with the cutoff parameter changing
from 1.8 GeV to 2.6 GeV. The
[
Ω∗ccΞ¯cc
]I= 12
J=1
system is
quite similar to the
[
Ξ∗ccΩ¯cc
]I= 12
J=1
system. A bound state
with binding energy 1.86-8.15 MeV appears with the same
range of the cutoff parameter. It is not surprising because
the
[
Ω∗ccΞ¯cc
]I= 12
J=1
state and the
[
Ξ¯∗ccΩcc
]I= 12
J=1
state are de-
generate in the heavy quark limit. For the
[
Ω∗ccΩ¯cc
]I=0
J=1
system, we obtain a binding solution with binding energy
1.78-19.23 MeV when the cutoff parameter is 1.3-1.7 GeV.
The S-wave contribution is 99%.
The G-wave contributions for the J = 2 systems are
negligible. The contributions of D-waves are also very
small. For the
[
Ξ∗ccΞ¯cc
]I=0
J=2
system, we obtain a bind-
ing solution with binding energy 2.52-26.29 MeV when
we choose the cutoff parameter from 1.0 GeV to 1.08
GeV. For the
[
Ξ∗ccΞ¯cc
]I=1
J=2
system, we find a loosely bound
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Fig. 5. The interactions potentials for the system [Ξ∗ccΞ
∗
cc]
I=1
J=2. V11, V12 and V22 denote the
1S0 ↔ 1S0, 1S0 ↔ 5D0 and
5D0 ↔ 5D0 transitions potentials.
state. When the cutoff parameter changes from 1.4 GeV
to 1.8 GeV, the binding energy increases from 1.78 MeV
to 11.66 MeV. For the
[
Ξ∗ccΩ¯cc
]I= 12
J=2
and
[
Ω∗ccΞ¯cc
]I= 12
J=2
sys-
tems, we obtain binding solutions when the cutoff parame-
ter changes from 1.5 GeV to 1.9 GeV. The binding energy
of the Ξ∗ccΩ¯cc system is 1.70-10.26 MeV, while that of the
Ω∗ccΞ¯cc system is 1.74-10.38 MeV. For the
[
Ω∗ccΩ¯cc
]I=0
J=2
system, a bound state with binding energy 2.55-30.91 MeV
appears when the cutoff parameter is 1.3-1.5 GeV.
For the four J = 1 systems,
[
Ξ∗ccΞ¯cc
]I=1
J=1
,
[
Ξ∗ccΩ¯cc
]I= 12
J=1
,[
Ω∗ccΞ¯cc
]I= 12
J=1
and
[
Ω∗ccΩ¯cc
]I=0
J=1
, their loosely bound solu-
tions are very insensitive to the cutoff parameter.
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